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LIST OF SYMBOLS AND ABBREVIATIONS 
Symbols 
A surface area, sq ft 
H specific humidity of air, lb vapor per lb of dry air 
K thermal conductivity of medium, Btu per (hr sq ft °F per ft) 
L thickness of insulation, ft 
Q heat rate, Btu per hr 
R rate of respiration, lb per hr 
S sensitivity of chamber air to sensible heat, °F per watt 
T temperature, °F 
V velocity, fpm 
W weight, lb 
Cp specific heat of air at constant pressure, Btu per (lb °F) 
d small increment of change 
g functional symbol 
h surface heat transfer coefficient, Btu per (sq ft hr °F) 
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Btu British thermal unit 
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iv 
RH relative humidity 
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cm/sec centimeters per second 
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sq ft square feet 
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INTRODUCTION 
Many works have been done to understand the effects of air temper­
ature and humidity in modifying the heat loss of pigs. Most, however, 
are based on observations under conditions of still air or very low 
levels of air movement in the surrounding of the animal. When air 
motion is increased, the American Society of Agricultural Engineers (1) 
states only that the total animal heat loss will increase and so the de­
sign total heat load must be adjusted upwards. The question is—what 
is the degree of increase or adjustment? More specifically, the change 
in sensible and latent heat losses of the animal is needed for design 
of temperature and moisture control equipment. 
The answer to the question should provide a picture of the change 
with all possible levels of air velocity and with reference to the heat 
loss of the animal in still air. It is desirable to refer the change 
with respect to the condition of the environment where the pig appears 
to grow most efficiently - or the temperature and relative humidity of 
the surrounding air where the animal could be stated to dissipate heat 
at optimum, normal or most comfortable level. In terms of heat loss, 
the choice of reference would facilitate inferences on whether or not 
air movement is beneficial to the animal. 
The degree of change in the heat loss of pigs due to air 
velocity increases would serve as the criterion for evaluating the 
following potential of controlled air motion in swine confinement; 
a) As an alternative or as a supplement in optimizing the production 
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efficiency of the animal. At air temperatures when the pig suffers dif- . 
ficulty in heat dissipation, air motion may relieve the animal of heat 
stress by increasing the convective rate of heat exchange. When air 
temperature approaches that of the pig, the air may need only a few 
degrees of cooling before delivery to the animal with velocity. Partial 
cooling and increased motion of the air may turn out to be more economical 
than total cooling. 
b) As an alternative or as a supplement in idealizing the quality 
of the environment in the confinement of the animal. A certain degree 
of air turbulence is desirable in achieving uniformity of ambient temper­
ature in the pig's house. Increased air motion, rather than the lack of 
it, is an advantage in design of systems that will minimize the problems 
of moisture build-up, odor and toxic gas concentration and dust lingering 
in the air. 
The statement "all possible levels of air velocity" should include 
the level of air movement that will cause the maximum change. Such change 
is possible because the increase in convective heat loss of inanimate 
objects has been observed to have a limit. For pigs, such limits have 
not been defined. 
In view of theoretical and literature limitation, the level of air 
movement that will effect the maximum change in heat loss of indivdiual 
pigs was explored in this study by selected experimentation under con­
ditions representative of confinement breeding, rearing and nutrition. 
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REVIEW OF AIR VELOCITY EFFECT ON HEAT LOSS OF PIGS 
Under Conditions of Nearly Still Air 
Most reported values of heat losses from swine are based on air 
movements over the animal of about 50 fpm or less. At conditions of 
nearly still air, the American Society of Agricultural Engineers (1) 
recommends for design purposes; 
(a) the findings of Bond ^ (4) on room sensible and latent heat 
from 50- to 4G0-lb pigs raised on solid concrete floors (scraped daily 
and no bedding used), at ambient temperatures ranging from 40° to 90°F, 
relative humidity of 50 percent and air velocity of 20 to 30 fpm; and, 
(b) the works of Butchbaker and Shanklin (7) on partitional heat 
loss per unit weight of new-born pigs at air temperatures between 55° 
and 105°F. 
In terms of growth performance, an indirect way of relating air 
movement and animal heat loss, Muehling and Jensen (18) reported that 
young pigs exposed to drafts from a fan during two one-hour periods 
each day gained 6 percent faster on 25 percent less feed when provided 
with heated hovers for protection; previous tests at essentially zero 
air velocity had shown that the heated hovers had no significant effect 
on performance when air temperature was the only variable. Hazen 
et al.(10) found that when young growing-fattening hogs subjected to 
winter conditions were protected from drafts and dampness, they were not 
seriously retarded in performance down to temperatures of 35° to 40°F. 
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For Duroc hogs grown from about 97 to 216 lb at air movement rates of 
10 to 35 fpm, Gunnarson et (8) showed an inverse relation of average 
daily gain to air velocity. 
With Increased Air Movement 
Mount and Ingram (17) studied the effect of increased air move­
ment on localized sensible heat from Landrace pigs. Three pairs of an­
imals, weighing 3.4-5.8, 20-25 and 60-75 kg (8-13, 44-55 and 132-154 lb), 
were exposed one at a time to wind speeds of 8, 35, 60 and 135 cm/sec 
(16, 69, 118 and 266 fpm) at ambient temperatures from 15° to 35°C (59° 
to 95°F). Heat loss was measured at one place on the back of the animal 
using a heat flow disc; skin (ear and back) temperatures were also ob­
served. Measurement began at an air movement rate of 8 cm/sec, and 
after skin temperature readings indicated that a steady state had been 
reached (about 10 to 15 minutes), air movement was increased. When all 
four air movement rates had been used the ambient temperature was re­
duced by 5°C, and after a steady state had been reached the effect of 
air movement was examined. This procedure was repeated on the same and 
subsequent days to cover an ambient temperature of 35° to 15°C. The 
investigators found that: (a) the increase in the rate of sensible heat 
loss due to a raised wind speed was higher at the lower temperatures; 
(b) the effects of increased wind speed could be equated to equivalent 
still air temperatures in respect of heat loss from the back, but not in 
respect to changes in skin temperatures on both the back and the ear; 
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and, (c) there was no evidence in the animals implanted with thermo-
junctions of any effect of an increase in air movement on the deep body 
temperature. 
In a study of the effect of wind on heat production in the new-born 
pig. Mount (16) individually exposed 24 Large White animals in a closed 
respiratory metabolism chamber to air movement rates of 5, 34, 82 and 
158 cm/sec (10, 67, 161 and 311 fpm) at ambient temperatures of 20° and 
30°C (68° and 86°F). The animal's oxygen consumption rate was deter­
mined oi'er a period of 30 to 40 minutes in the closed chamber. Heat 
loss was estimated as heat production from the measurement of oxygen con­
sumption, equilibrium assumed so that the rate of heat production 
equalled the rate of heat loss. At 20°C, the 34, 82 and 158 cm/sec 
wind-speed heat loss values were all significantly different from the 
mean value at still-air condition (5 cm/sec), and for the same wind 
speeds significant differences occurred at 30°C. Regression analysis 
showed a significant rise in heat loss as wind speed moved from 34 to 82 
and then to 158 cm/sec at 30°C, but a non-significant change with a cor­
responding wind-speed progression at 20°C. 
Bond (3) observed four pigs per test under one-week periods 
of either continuous high or low air velocity in a psychrometric chamber. 
Data were gathered to determine the effect of increased air velocity on 
room heat and moisture losses, rates of growth and feed conversion, sur­
face and body temperatures, and respiration and pulse rates. Pigs were 
compared when exposed to 35 against 150 and 35 against 300 fpm air veloc­
ities at ambient temperatures of 50°, 70° and 90°F. Air temperature was 
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constant during each period and relative humidity was maintained near 
50 percent. The total heat loss measured from the animals increased with 
increased wind. While air velocity had only a minor effect on conduction 
heat loss, radiation heat loss was greatly reduced. The heat remaining, 
after deduction of conduction and radiation, was considered lost by the 
combined mechanism of convection and evaporation. The net increase in 
total heat was apparently caused by a large increase in the convective-
plus-evaporative heat loss. Animal surface temperatures associated with 
300 fpm air velocity were lower than those at 35 fpm by amounts ranging 
from 13 degrees at 50°F down to about 2 degrees at 90°F. Body tempera­
tures were slightly affected by wind, and where reductions were signifi­
cant they were only of the order of 0.3 to 0.4°F. Neither pulse nor 
respiration rate was affected by wind. Animal gains and feed conversion 
rates were not benefited by increases in air velocity except at tempera­
tures of 95° and 100°F, and in many cases were adversely affected. 
A few tests made by Morrison et a]^ (14) with a small fan blowing 
across a 198 lb pig at ambient temperature of 85°F indicated a decrease 
in skin moisture loss with increasing air velocity. 
Predicted Effects 
Attempts have been made to formulate both physical and mathematical 
models to simulate the heat loss of pigs in respect to air motion. 
Merkel (13) predicted an ever-increasing rate of radiative-plus-convec-
tive heat loss of a 500 lb sow based on simplified analysis of a static 
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cylinder having a diameter of 2 ft and surface temperature of 100°F and 
without consideration of the effect of lung evaporation and skin perspi­
ration. Using fluid flow analogy, and based on data of Bond et^ alj (3), 
Beckett and Vidrine (2) predicted the effects of air velocity on rate 
of gain and skin temperatures of 150 lb pig with fair accuracy at 70°F 
and below, but in the region of 80° to 90°F the model predictions were 
not in agreement with reported observations. Comparing the heat loss 
rates from young pigs and those from a cylindrical model 29 cm long, 
8 cm in diameter and with core temperature of 39°C, Mount (16) found 
that as wind speed increased heat loss increased more steeply from the 
model than it did from the pigs; furthermore, the results did not support 
the findings of Winslow e^ al.(23) on man where proportionality of con-
vective heat loss to the square root of air velocity from 8 to 35 cm/sec 
was established. This experience with physical models led Mount to be­
lieve that no simple static model can represent either animals of differ­
ent sizes or any one animal that adopts different positions under differ­
ent conditions. He indicated further (15) that one of the dangers of 
building increasingly complex physical or mathematical models is that 
they can be made to function with such authenticity that they appear to 
be the things they represent, and attention is diverted from biological 
reality to the more amenable model. 
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Recapitulation 
For air velocities up to about 300 fpm, some insights have been 
advanced on: a) total heat loss of individual baby pigs based on 
oxygen consumption, b) total heat loss of mature pigs based on average 
room sensible and latent heat rates due to animals observed in groups 
of four, and c) localized sensible heat loss from the back of growing 
pigs based on readings of a heat flow disc. The significance and 
limitation of the reported heat losses were summarized as follows: 
a) The degree of change in sensible heat loss of baby pigs, calcu­
lated and shown in Table 1, shows indication of the potential of con­
trolled air motion in optimizing the performance of swine in confine­
ment. If the still-air heat loss of the baby pig is at normal level 
at 68°F, its performance would be the same at 86°F with air velocity of 
311 fpm. The prediction is based on 50 percent drop in still-air sen­
sible heat loss at 86°F. 
b) An air temperature of 68°F is within the range where growing 
and mature pigs have been established to perform most efficiently (11). 
Could the degree of change in sensible heat loss of these animals with 
air velocity be expected to be similar to that of the baby pigs? The 
question is based on similarity of the degree of change in total heat 
loss of the mature pig at 90°F to that of the baby pig at 86°F at air 
velocity of about 300 fpm. 
c) What degree of change could be expected at air velocities beyond 
300 fpm? 
d) The findings on localized sensible heat loss from the back of 
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Table 1. Literature data on degree of change in heat loss of 
individual pigs with increased air movement 
Air Air Pig Relative ratio of animal ^ 
X V W heat loss to still-air value 
°F fpm lbs Total Sensible 
** 
Baby Pigs (16) 
68 67 3.9 1.13 1.24 
161 3.5 1.18 1.42 
311 4.4 1.19 1.64 
86 67 4.0 1.13 1.22 
161 3.6 1.22 1.50 
311 4.6 1.30 1.95 
•A*-k 
Mature Pigs (3) 
50 150 150 1.12 
300 230 1.42 
70 150 132 1.07 
300 255 1.79 
300 245 1.09 
300 271 1.23 
90 300 278 1.32 
^Derived from references in parentheses. 
With respect to heat losses at 10 fpm; latent heat losses 
assumed independent of wind speed; animal directly facing the wind 
and its motion restricted in cage. 
***With respect to heat losses at 35 fpm; average of animals 
observed in groups of four without restraints and wind impinging 
the floor of chamber. 
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the growing pig indicate a basis for linearly interpolating the heat 
losses between air velocities of 20 and 266 fpm. 
In view of the questions in summary b and c, and to supplement the 
literature data on baby and mature pigs, the growing pig was selected 
for experiment. 
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EXPERIMENTAL DEVELOPMENT 
Introduction 
The basis of convective heat exchange has been discussed in many 
textbooks (e.g., 9, 12, 22). It is a form of heat transfer which 
depends on the redistribution of molecules within a fluid, as distinct 
from conduction of hoat in which there is no actual translocation of 
molecules. Natural convection occurs as the result of a temperature 
difference in a fluid, the way in which air rises after being warmed by 
a hot body as an example. Forced convection implies that the fluid 
movement takes place not as the result of temperature gradients but as 
the result of an external force moving the fluid; an example is cooling 
air blown by a fan. 
In nearly still air, a boundary layer forms on the surface of an 
object, and it is this layer which produces the major part of the thermal 
insulation across the bare surface of a substance which has a high ther­
mal conductivity. Movement of the surface, as in an active animal, will 
increase convective heat exchange considerably by disrupting the boundary 
layer; forced convection has the same effect. Calculation by Burton and 
Edholm (6) on human skin-air thermal insulation shows that an increase 
of air movement from 8 cm/sec (16 fpm) to 35 cm/sec (69 fpm) brings about 
a reduction of 50 percent in the skin-air thermal insulation; an increase 
in air movement beyond 35 cm/sec is accompanied by a further fall in in­
sulation. If the pig's boundary layer was therefore destroyed, the 
animal's surface themal insulation would be reduced to that of its 
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tissues; according to Mount (15), the resulting insulation depends on 
the subcutaneous fat layer of the animal and on the control of blood 
flow through the skin. 
Based on the effect of air movement in disrupting the skin-air 
insulation of the pig the following section was considered with the 
objectives; a) to relate the factors and results in air velocity 
changing the heat loss of pigs; and, b) to develop a procedure and ex­
perimental design in view of the question on an upper limit in the change 
of animal heat loss with air velocity. 
Factors in Air Velocity Changing the Heat Loss of Pigs 
For a pig in a steady thermal state, the heat production and the 
heat loss are related in Equation 1. 
where Qg and are the sensible and latent heat losses of the animal. 
For the flow of sensible heat from the animal to the environment, a 
simplified expression based on general theory of heat transfer can be 
shown in the form of Equation 3. 
1 
By definition 
% = %+ Qw 2 
Btu per hr 3 
where Qgg denotes sensible heat loss from the body surface, and 
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Tjj = deep-body temperature of the animal, °F 
Tg = temperature of the air enviornment, °F 
= thickness of animal core-skin insulation, ft 
Lg = thickness of air insulation, ft 
= thermal conductivity in the region of L^, Btu per 
(hr sq ft °F per ft) 
A = body surface area exposed by the animal, sq ft. 
Equation 3 considers a pig which has a system of control of sensible 
heat loss from its body surface in terms of changes in Ty, L^, and 
A while heat dissipation is under the influence of air temperature and 
air velocity. 
The size of the pig has an obvious effect because the smaller the 
radius of the object, the greater is the convective heat loss per 
unit volume for a given body-ambient temperature difference. The least 
area, therefore, would be presented if the animal could compact itself 
into a sphere. According to Hardy (9), the effects of shape and size 
can be combined to give a characteristic dimension for the object in 
question; as an example, an adult human being behaves like a sphere 15 cm 
in diameter, if everything but convection is neglected. 
The nature of the surface of the body, that is, whether it is smooth 
or indented, naked or coated, has a considerable effect on convective 
heat exchange, Tregear (21) found that the thermal insulation of the 
coat is highly dependent on the number of hairs per unit surface, and 
wind greatly increases heat loss from a sparsely coated skin; furthermore. 
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heat loss from body surfaces with sparse hair, as in the confinement-
produced pig, is both convectional and radiative. A change in roughness 
of the body surface may be accomplished probably by pilo-erection and 
muscle control, but the degree by which is changed by these mech­
anisms is not known. 
In Equation 3, the ratio of Kg to may be replaced by a factor 
known as the convective heat transfer coefficient, i.e., 
^c = Btu per (sq ft hr °F). 4 
^a 
In general, hg increases with air velocity V according to Equation 5. 
Under conditions of still air. Equation 5 
= ho + 8(V) 5 
is reduced to: 
he = ho 6 
where h^ is the heat transfer coefficient when natural convection pre­
vails. Equation 5 was developed to show the relationships of air 
velocity V to Qgg. 
By virtue of Equation 1, the sensible heat flowing through the 
core-skin insulation must equal the sensible heat loss by body surface 
conduction, radiation and convection. Under conditions where conductive 
heat loss is negligible, 
(Tb - Ta) = he (Tg - Tg) + h^ (Tg - Tg) 7 
^i 
where Tg is the surface or skin temperature of the animal and h^ the 
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radiative heat transfer coefficient. Equation 7 was developed to 
determine the response of the animal in terms of changes in skin 
temperature. 
The effect of increased air movement is to reduce the skin-air 
insulation of the animal and increase the value of h^. Provided 
is greater Chan Tg, sensible heat loss from the body surface will 
always tend to increase with air velocity. Previous works (3, 17) in­
dicate that Ty stays relatively unchanged with air velocity. Since 
hj. does not easily change, the pig, in order to negate the tendency of 
Qgg to increase with air movement, has to exercise control on either Li, 
K^, A or a combination of these factors. It takes time to increase 
by developing more fat layers. And without the freedom to change posture, 
the pig has no other choice but to decrease Kj^. In Equation 7, the 
only way for the animal to counteract an increase in convective heat loss 
is to reduce its skin temperature. Reduction of skin temperature in 
response to air movement has been observed (^3, 17), and appears to be a 
consequence of a change in probably by a decrease blood flow in the 
region of Lj[. To lose the same Q^g as it would have been without air 
movement. Equation 7 indicates that it would require a computer-type 
control in to bring about the desired reduction of skin temperature. 
If the animal can afford only partial control on K^, Qgg will in­
crease but the change in QQ or Qj^ will depend on the degree by which 
the pig could vary the sensible and latent heat losses associated with 
animal respiration. For simplicity, these heat losses were respectively 
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defined as: 
Qgj. = R(Te - Ta) Cp Btu per hr 8 
and 
Qwr = R(He hge - Hg hgg) Btu per hr 9 
where 
R = rate of respiration, lb per hr 
Te, Ta = dry-bulb temperature of exhaled and inhaled air, °F 
Cp = specific heat of dry air at constant pressure, Btu per (lb °F) 
Hg, Hg = specific humidity of exhaled and inhaled air, lb vapor 
per lb of dry air 
hge, hga = heat content of a pound of exhaled and inhaled water 
vapor, Btu per lb. 
Not much can be said of Equations 8 and 9 except for the facility 
of the pig to change R. At high air temperature levels, however, visual 
observation of an increase in R is a simple indication of the ineffective­
ness of air movement in relieving the animal of heat stress. 
Although the actual response of the animal is complex, Equations 
3, 5, 7, 8, and 9 were considered to have the sufficient factors 
and the necessary interrelationships that were needed in developing a 
procedure for the experimental determination of the change in heat loss 
of pigs and in explaining the trends and errors of the results. Since 
the overall sensible and latent heat losses from animals were considered 
in the study, other factors were explained as their need appears. 
As to the question of the level of air velocity that would effect 
the maximum change in Qgg, Equation 5 was left in a general form 
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because of difficulty in defining a characteristic surface for the pig. 
Instead, the level was predicted (in Design of Experiment) based on 
findings of Burton and Edholm (6). 
Experimental Determination of the Change in Heat Loss of Pigs 
An experimental study of air velocity effect in changing the sensible 
and latent heat losses of the pig would require wind exposure of the 
animal to the same conditions of Tg and Hg, The same levels of air 
velocity would have to be used also to determine the degree of change 
of these heat losses with respect to changes in with Hg held constant. 
Changes in Qgg should also be established independent of the effect of 
Qgj. and Equation 7 implies that an analysis of convective heat 
loss would need a knowledge of an effective skin temperature of the 
animal so that the effect of radiation heat loss could be separated. 
One approach to the problem is to study the changes in the factors 
belonging to or under the control of the animal. This approach, however, 
would pose at least a difficult and delicate job of measuring the changes 
in the ratio of to if the study is based on Equation 3, or changes 
in an effective Tg if terms to the right of Equation 7 are used. Also, 
an effective hg even for a motionless animal is distressingly complicated 
to define. 
Another approach to the problem is to quantify directly or indirectly 
the change in the heat losses. Instruments available for direct measure­
ment of sensible heat flow are usually limited in application to one spot 
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or small area of the animal body surface. Indirectly, the change in 
heat losses of the animal may be gauged from the thermal response of the 
environment. Under conditions where air largely constitutes the environ­
ment of the pig, the change in the animal heat losses may be inferred 
either: a) from the rise of dry-bulb temperature and moisture content 
of the air in a given enclosure; or, b) from the amount of air exchange 
needed to keep air temperature and moisture constant. 
The method used in this study was to expose the animal to a known 
level of air velocity in an open chamber and, upon closing the chamber, 
observe the change in temperature and humidity of the inside air for a 
short period of time. When the results of the experiment show that the 
original rate of heat loss from the animal was seriously distorted by 
the effect of a rising Ta and Ha, comparison would have to be based on 
the projected heat loss at a time close to the open condition of the 
chamber. 
The sensible heat which would be measured in the chamber is influenced 
by the pig and by nonanimal effects - e.g., the heat produced by the air 
mover. To account for the sensible heat loss from the animal, the chamber 
has a distinct index of thermal response due to known heat sources, e.g., 
temperature rise with respect to time, and therefore a set of these 
indices due to different values of heat input could be used as reference 
for inferring the net change in chamber sensible heat as influenced by 
the pig and air movement. This procedure should also indicate drastic 
changes in the original rate of animal sensible heat loss when seriously 
affected by a rising Tg and Ha or by sudden deviations in the condition 
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of the animal under test - e.g., postural changes, urine and feces. 
Changes in specific humidity of the air-vapor mixture in the 
chamber will include moisture loss from the animal and evaporation of 
wet surfaces. Latent heat loss based on the initial rise of humidity 
close to the start of observation is largely affected by the moisture 
loss from the animal alone especially when the chamber is initially dry. 
In general, the ratio of the measured sensible and latent heat losses 
is not a characteristic of the pig because a portion of sensible heat 
dissipated by the animal may have been absorbed by evaporation of wet 
surfaces. Nevertheless, a decrease in chamber sensible heat rate under 
wet conditions should be reflected by an increase in the latent heat 
rate. 
Design of Experiment 
Definition and level of air velocity 
Air velocity was simply defined as the mean of air movement rates 
in the fixed space to be occupied by the animal. This has been the case 
with Mount and Ingram (17) and Bond et al. (3) because of difficulty in 
standardizing an air velocity at the surface of the animal. 
Based on calculation of Burton and Edholm (6) on human skin, air 
velocities over twice the value of 69 fpm were predicted to effect 
maximum disruption of the animal skin-air insulation. The first level 
of air velocity was therefore chosen at about 140 fpm. Two other levels 
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with ratios of 2 to 3 and 4 to 6 over the first level were considered 
enough for the purpose of verifying the prediction that the animal would 
exhibit similar heat loss at these levels of air movement. 
An air movement of about 35 fpm is desirable for purposes of com­
parison with other workers, but this idea was abandoned because air in 
the chamber was anticipated to be so inadequately mixed that limitation 
in observational techniques would not warrant a full account of heat 
losses transferred to the environment. 
Some allowance was considered in design of the space to be occupied 
by the animal so that boundary effect, or the change in air movement 
rates when the animal occupies the space, would not completely distort 
the chosen levels of air velocity. 
Definition and level of air temperature Ti 
Initial air temperature would correspond to that of the room where 
the animal and the chamber would be observed. This temperature was held 
constant. 
A low and a high level were set at about 55° and 91°F respectively 
based on temperature control limitations of the room available for 
experiment. With due allowance on the precision of the experimental 
method, only one intermediate level (73°F) was selected to provide level 
differences of 18°F. Wide differences in air temperature levels were also 
considered because of the expected variation of plus or minus 5°F in 
control of confinement conditions of the animals. 
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Level of air humidity Hi 
The definition of is similar to Tj^. It was assumed, considering 
the ease with which the animal could vary its rate of respiration, that 
latent heat loss would not be seriously affected by changes in air 
humidity within a narrow range of variation in Pigs would therefore 
be observed at the prevailing humidity of room air. 
Number of pigs in the chamber 
A group of pigs carries inherently a degree of variability which is 
more difficult to control than that of the individual animal. Therefore, 
individual pigs were considered. 
Degree of restraint on animal and its orientation with respect to air flow 
A certain degree of restraint is needed to keep the animal in one 
orientation, but a kind of restraint that will allow enough freedom to 
change posture. Full restraint can excite the animal at the moment when 
it wishes to change posture, e.g., stand up or rest on one side to 
another, and feels restricted or incapable to move. 
One orientation is needed to control this variable. Orientation of 
the animal along the stream of air should provide maximum effect because 
more surface area would be exposed to the moving air than if the air is 
flowing across the body. It may be more desirable to orient the animal 
with its head downwind; direct wind can irritate the animal. 
Based on the foregoing considerations, a narrow cage would serve the 
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desired degree of restraint on the animal and the control of orientation 
in one direction. 
Length of exposure to air movement 
Short term effects of air motion were considered in order to cover 
a study of the animal at different stages of growth. The limitation was 
also based on the need to establish first the short term effects in order 
to set some guidelines on future study of the long term effects of air 
movement on heat losses or performance of swine. 
One guideline on minimum exposure of the animal to air movement was 
derived from the finding of Mount and Ingram (17). These investigators 
found that their test pigs, in terms of changes in skin temperature, 
reached a new equilibrium in 10 to 15 minutes when the level of air move­
ment was changed. 
Condition of animal before test 
The animals would be reared at still-air temperatures in the neighbor­
hood of 73°F. Based on findings of Hazen and Mangold (11), the selected 
rearing temperature was close to conditions where performance of growing 
pigs is optimum. The results of the study at 73°F would serve as a basis 
for inferring the response of the animal at temperature levels of 55° and 
91°F with air velocity. 
Rearing the animals near 73°F was also decided on the basis of 
Equation 3. With hg predicted constant, comparison of animal response 
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(for a given size) at different levels of will require a constant 
ratio of to prior to test. 
Size or growth stage of animal 
Three pig sizes were selected after considering such factors as 
statistical treatment, rate of growth of animal, ease of handling, design 
of space (or cage) to be occupied by the animal, relative magnitude of 
still-air heat losses, number of tests and time limitation of study. 
The three sizes would correspond to growth stages of about 50, 100 and 
150 lbs. 
Time allowance for a measurable change of air temperature and humidity 
in the chamber 
Firstly, experimental facilities would allow readings of changes in 
air temperature only at time intervals. Therefore, the total observation 
time will be governed by: 1) the number of time points that are statis­
tically desirable to establish the trend of total change; and, 2) the 
time required for a measurable change in air temperature due to sensible 
heat of the air mover at its lowest or first level of air velocity. 
The foregoing considerations would hold if the initial rise of air 
humidity is measurable. 
Number of test pigs per air velocity-temperature treatment 
Time alloted for the study would allow observation with one repeti­
tion of six animals covering three stages of growth and exposure to three 
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levels of air velocity per level of air temperature. Only the results 
of the experiment would show the sufficiency or insufficiency of the 
limitation in the number of observations. 
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MATERIALS AND PROCEDURE 
Experimental Chamber and Instrumentation 
The experimental chamber (Figs. 1 to 6), situated in a tempera­
ture-controlled room at Iowa State Swine Atmosphere Research Laboratory, 
was a rectangular box - 47 x 90 x 33 inches in effective width, length 
and depth - formed by single panels of 3/4-inch Fir plywood and painted 
with two coats of white enamel. Both ends of the box, lined with rubber 
strips at contact edges, could be opened and closed individually. A 
6-watt bulb served as pilot light in the chamber. The bottom of the 
box was 3 inches above the room floor. 
A steel cage, made of 1/2-inch rods - welded at 6 inches horizontal 
and 3 inches vertical - and bolted on the floor of the box, fixed the 
orientation of the animal in one direction and restricted its motion to 
postural changes. The inside surfaces of the cage were lined with the 
following materials: on the sides, perforated steel plates (1/2-inch 
holes at 1 inch horizontal by 1.75 inches vertical); on top, 1/4-inch 
plywood (painted with two coats of white enamel); aluminum sheet at the 
bottom; and, mesh wires at the ends. A slotted flooring, made of 1-inch 
flat bars (1/4-inch thick) and 5/8-inch slots and raised above the 
aluminum sheet by 1% inches, supported the weight of the animal. The 
aluminum sheet plus the slope of the box enabled urine to flow immedi­
ately into a drainer. The cage had only one opening where test pigs 
entered head first and moved out backward. The net dimensions of the 
Figure 1. View of chamber showing the cage to be occupied by the pig 
Figure 2. View of chamber showing a 150-lb pig in standing position 
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Figure 3. View of chamber showing the air guide in position and a 
150-lb pig at rest 
Figure 4. View of chamber showing the fan in position 

Figure 5. View of chamber facing the animal, also showing the dew-point 
sensor 
Figure 6. View of chamber showing the dial/temperature indicator and 
thermocouple switching box 
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cage were 13 x 29 x 51 inches in width, depth and length. 
Air movement was generated by a 20-inch axial-flow fan. The fan was 
situated 12 inches away from the end of the cage where test pigs enter; 
the gap was occupied by air guides and baffles. Room air passed over 
the animal with the ends of the box fully opened; and when fully closed, 
air circulated in two loops, i.e., the stream of air coming from the fan 
split into two upon leaving the cage and flowed back through the spaces 
between the sides of the cage and the walls of the box. Air movement 
rates were achieved by combinations of fan-speed settings and voltage-
input controls. Air velocities were measured using an Alnor velometer 
(by Illinois Test Laboratories Inc., Model 3002). A volt-wattmeter 
(by Simpson Electric Co., Model 392) was used to check the constancy of 
voltage applied to the fan. The manuals of these instruments indicate 
an accuracy of plus or minus 3 percent of full scale value. 
Six copper-constantan thermocouples - two for the air coming from 
the fan and two for each of the returning air - were used to determine 
the mean temperature rise of the air in the box. The temperature at 
these points were individually taken employing a self-balancing potentio­
meter (by Leeds and Northrup Co., #640134) and a switch box. The tem­
perature scale of the potentiometer could be read to approximately 
0.25°F. 
A dewpoint-indicating sensor (Vap-Air Moisture Analyst by Vapor 
Corporation, Model 84) was used to determine the change in specific 
humidity of the air at one representative point in the box. This point 
was situated in one of the air loops and in the middle portion of 
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returning air. The manual of the instrument indicates a normal opera­
ting accuracy of plus or minus 1°F and a response of 5°F per second. 
Air temperature readings Ti, T2, T3, T4, T5 and Tg were taken at 
reference time points t^, tg, tg, t^, t^ and t^. The first temperature 
reading Tj^ occurred before closing the chamber. The box was closed in 
such a way that the end facing the animal was accomplished at t2 minus 3 
minutes and the other end at t2 minus 2 minutes; i.e., it took 1 minute 
to close the chamber completely. The succeeding reference time points 
were spaced at five minutes each, and t^ minus t2 was 20 minutes for all 
tests. Each set of readings, covering the six thermocouples in the 
chamber, took about 20 seconds to accomplish. 
Dewpoint readings occurred two minutes later, i.e., at t2+2, 
etc. 
Two mercury thermometers were used to check the accuracy of thermo­
couple readings; the temperature indicated by these thermometers and that 
by thermocouples attached at the mercury tips were read almost simulta­
neously at the vicinity of time points t^ and t^. One of these ther­
mometers, embedded in dry sawdust contained in a 3 x 6 inch cylinder, 
served the purpose of checking the thermal equilibrium of the chamber 
with respect to room condition; the other thermometer was in a covered 
styrofoam cup. 
Two thermocouples, attached to the inside surfaces of the chamber 
and covered with two layers of gray tape, were used to indicate the time 
when the chamber was ready for another observation. 
Room temperature was indicated by the instrument panel for 
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temperature control. The sensor of the Instrument was situated near 
the ceiling of the room. Room temperature was recorded at the vicinity 
of t^ and tg. Further checks on stability of room temperature were 
made through the readings of a mercury thermometer (placed on top of 
switch box) at all reference time points. 
Air Movement Rates 
Air velocity measurements were taken prior to start of experiments 
at 55°F. The air velocities shown in Table 2 were measured with the 
ends of the chamber open. To determine whether or not these air veloc­
ities would change drastically by closing the chamber, the fan was set 
at a voltage below which the blades would stop rotating in an open con­
dition of the chamber; no change in fan speed was observed when the 
lower half of the air guide outlet was covered nor when the box was 
closed. 
Outgoing air velocities were measured at the end of the cage facing 
the animal; measurements were taken at quarter points and heights of 
2, 7%, 11% and 16% inches above the slotted floor of the cage. Due to 
difficulty in taking measurements at the other end of the cage, the fan 
and air guide were set outside the chamber and observations at quarter 
points in the air stream coming out of the air guide were considered as 
the incoming air velocities in the space to be occupied by the animal. 
The first, second and third level of air velocity treatments were 
approximated to have mean values 140, 380 and 800 fpm respectively. 
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Table 2. Air velocity measurements in the space to be occupied by 
the animal; in feet per minute 
Level 1 Level 2 Level 3 
Fan speed ; Low Low High 
Aoolled volts : 46 98 120 
LQL MID RQL LOL MID ROL LpL MID ROL 
Air Velocities Entering the Cage 
150 170 150 L3 350 450 350 975 925 750 
155 150 170 L2 450 425 475 1000 850 1050 
145 145 150 
^1 300 350 550 700 850 1150 
Air Velocities Leaving the Cage 
135 140 135 H/, 275 325 325 575 700 625 
130 135 130 H3 325 325 375 675 675 725 
125 135 135 «2 325 350 325 650 700 675 
130 140 140 275 350 350 575 675 650 
Average Air Velocities; Entering and Leaving 
144 369 791 
Air Velocities Observed at Center of Cage^ 
137 388 808 
Representative Levels of Air Movement 
140 380 800 
LQL, MID, RQL = left quarter line, midline and right quarter line of 
cage cross section. 
L^, L2, Lg = 4, 9 and 14 Inches above slotted floor of cage. 
Hg, Hg, H^= 2, 7.5, 11.5 and 16.5 inches above slotted floor 
of cage. 
^Mean of air velocities at 4, 8 and 12 inches above slotted 
floor of cage. 
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Fan voltage readings were observed for all tests to check drastic 
changes in these levels. 
Sensitivity of Chamber to Fan Heat and Known Heat Sources 
The rise of dry-bulb temperature (defined as chamber sensitivity) 
due to fan heat alone was observed under dry conditions of the chamber. 
The response of the chamber due to fan heat plus known heat 
sources of 100, 200 and 300 watts was also observed. The known heat 
sources were produced respectively by one, two and three IQO-watt incan­
descent light bulbs. 
Experimental Animal and Treatments 
Light-colored pigs, initially weighing 30 to 40 lbs, were reared in 
groups of 3 males and 3 females in another room of the Laboratory at 
ambient temperature of about 73°F. The animals were fed ad libitum with 
a mixed feed designated as Ration No. 24 and prepared by the Iowa State 
University Swine Nutrition personnel. These animals, characterized as 
25 percent Landrace, 25 percent Yorkshire and 50 percent Poland China^, 
were obtained from an 800-head experimental confinement production 
building (designated as Unit K) for growing-finishing swine. 
Test weights per group were set at 50 to 55, 100 to 105 and 
150 to 155 lbs. 
^Myers, Rex. Swine Nutrition Experimental Station, Iowa State 
University, Ames, Iowa. Personal communication. December, 1970. 
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Test pigs observed at air temperature levels of 55, 73 and 91°F 
(during winter, spring and summer of 1970-71 respectively) differed by 
group. 
An air velocity test involved three phases: (1) one hour fasting 
in a place (outside of rearing pen) designed to induce the pig to 
urinate and defecate; (2) one hour exposure to air movement before 
closing the chamber; and, (3) observation of air temperature and humid­
ity rise upon closing the chamber. Air velocity treatments were done 
in the order of third, second and first level; these treatments were 
repeated in subsequent days. No attempt was made to rigidly fix the 
time of day for testing the pig. 
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RESULTS AND DISCUSSION 
In retrospect of the experiments conducted, an air velocity 
that would effect the maximum change in sensible heat losses from the 
growing pig was explored to determine the extent air motion would benefit 
or aggravate animal growth. Heat losses at air velocities lower than 
were expressed in terms of the heat Toss at without necessarily pin­
pointing V^. Heat loss at corresponded to that at 380 fpm and the 
range where would lie was indicated. 
To show that sensible heat losses at 380 and 800 fpm did not materially 
differ, and thereby provide a basis for narrowing down the prediction of 
to air velocities between 140 and 380 fpm, the following results were 
deemed necessary to present and discuss: 
a) Air movement rates and their consistency during each test and 
for all tests conducted at air temperature levels of 55, 73 and 91°F. 
b) Air temperature rise in the chamber due to a known heat source. 
The index of sensible heat rate was based on the rise of air temperature 
from t2 to tg, where t^ minus t2 was 20 minutes for all tests and t2 
occurred 2 minutes after closing the chamber. The index was calibrated 
with 100, 200 and 300 watts per air velocity level during the stage of 
air temperature the pigs were observed. The purpose of index calibration 
was to check on the reliability of chamber response. The index of 
chamber response to sensible heat production was termed "Chamber Sensi­
tivity to Sensible Heat." 
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c) Indices of sensible and latent heat rates in the chamber due 
to the animal. 
d) Estimated values of sensible and latent heat losses from the 
growing pig. This includes a discussion of: 1) confidence in the 
measured sensible and latent heat rates in the chamber; 2) effect of wet 
surfaces in decreasing the sensible heat rate in the chamber; 3) effect 
of air temperature and humidity rise in distorting the initial rate of 
heat losses from the animal; and, 4) consequence of increased air 
velocity level when the animal occupied the cage. 
Finally, the range where would lie was indicated in view of 
conditions where animal size is negligible with respect to air stream 
cross-section. The change in heat loss at was estimated on the basis 
of the literature data on still-air heat loss at 73°F. 
Consistency of Air Movement Rates 
Voltage readings for the fan were observed to be steady during each 
test. Readings in all tests were 47^ 1, 99^ land 120 volts for air 
velocities of 140, 380 and 800 fpm. The air movement rates in the cage 
were also considered representative for both the open and closed con­
ditions of the chamber because the speed-voltage relationships were un­
affected by closing the chamber or by artificial obstructions in the 
cage. 
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Air Temperature Rise in the Chamber Due to 
Fan Heat and known Heat Source 
For brevity, the rise of air temperature in the chamber with time 
due to a heat source was termed as "chamber sensitivity" to sensible 
heat. The index for gauging the chamber sensitivity to sensible heat 
was based on the net change in mean air temperature with respect to 
t2. The index was symbolized as (T5 - 3^)% and defined as 
(T6-T2)x = (T6-T2)x+f - (T^-Tz); 10 
where T2 and Tg were the mean of temperature readings at t2 and t^ 
respectively, and x was the effect of a known heat source added to fan 
heat effect f. The index was based on T2 because t^ for Tj^ was not 
precisely defined in the experiment. Indices due to f and x plus f are 
shown in Tables 8 and 9 of APPENDIX A. 
Due to f only, least square analysis shows that in the time region 
between t2 and t^ the rate of increase in air temperature T with time t 
was approximately linear with at least 95 percent confidence for all f. 
With approximately constant heat gained by the chamber air mass the 
rate of fan heat production Qf could be described by Equation 11: 
Qf = Cp(dT/dt)g + Qfj, 11 
where was the remaining portion of Qf lost to other elements in the 
chamber; 
(dT/dt)f = (T6"'^2)f/(*-6"'-2) 
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and d denotes small increment of change. The fan sensible heat Qg 
was constant for each air velocity level because power to the fan was 
held constant. Therefore, Equation 11 was reducible to an algebraic 
form for all Q^. 
Due to X plus f, the form of Equation 13 was also algebraic 
Qx+f = maCp(dT/dt)x+f + Q(x+f)c 13 
because (dT/dt)^^.^ did not deviate from linearity with time. In 
Equation 14, 
Qx+f = Qx + Qf 14 
where was a constant heat source of 100, 200 or 300 watts; also 
(dT/dC)x+f = (T6-T2)x+f/(t6-t2) 15 
and was the remaining portion of total heat loss. The linearity 
of Equations 11 and 13 was the basis for Equation 10. Hence, Equation 
10 would apply when of the animal is either truly or approximately 
constant in the same region of time Qg was observed. 
Items summarizing the chamber sensitivity to and are; 
a) For the same air velocity level, the appearance of (T^-Tg)^^.^ in 
Tables 8 and 9 (APPENDIX A) indicates similarity of chamber sensitivity 
at 55° and 73°F, and that this sensitivity was decreased at 91°F. The 
mean indices for Qj and at 55° and 73°F (in Table 3) were considered 
representative of the chamber sensitivity at these temperatures. Table 3 
also shows the mean indices for Qj at 91°F and a check on the indices 
for of 100 watts. 
b) At air temperature levels of 55° and 73°F, the relative ratios 
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Table 3. Chamber sensitivity to sensible heat 
Heat source Air Number Mean index Standard 
Qx Velocity of (Tg-Tg) Error 
Watts fpm Tests % 
At room temperatures of 55° and 73°F 
Qf at 140 4 0.47 2.1 
Qf at 380 5 1.36 4.6 
Qf at 800 5 2.71 1.8 
100 140 6 1.27 1.3 
100 380 5 1.20 1.9 
100 800 5 1.20 2.6 
200 140 7 2.57 1.6 
200 380 7 2.40 1.3 
200 800 8 2.32 2.1 
300 140 3 3.93 1.6 
300 380 4 3.64 0.8 
300 800 5 3.63 0.6 
At room temperatures of 91°F 
Qf at 140 3 0.19 27.4 
Qf at 380 3 1.07 3.8 
4 at 800 3 2.36 2.2 
100 140 1 0.98 
100 380 1 0.89 
100 800 1 0.93 
Summary: 
1. 
2 .  
Relative ratios: 
Air velocity 
Qf indices 
indices 
at 55 and 
at 91°F 
73°F 
Chamber sensitivity at 55^ 
At 140 fpm ; 
At 380 and 800 fpm : 
1.00, 2.71, 5.71 
1.00, 2.89, 5.75 
1.00, 5.63, 12.41 
and 73°F: 
(Ts-Tg)* = 0.0131Qx 
(T6-T2)x = 0.0123Qx 
3. Apparent loss of chamber sensitivity at 91°F 0.30°F 
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of the fan sensible heat indices appeared to be proportional to the 
relative ratios of the air movement rates. The nearly one to one cor­
respondence of these ratios indicates that the sensitivity of the chamber 
was solely due to the heat produced by the fan. On the other hand, the 
relative ratios of indices appeared (as seen from the results in Table 
3) to correspond to ratio of 1:2:3. These results are compatible 
with constant Qj and Q^. The implied proportionality of Qf^, or 
Q(x+f)c to a constant Q supports the algebraic forms of Equation 11 and 
13 and validates Equation 10 for derivation of indices. The chamber 
sensitivity at 91°F is discussed under item d. 
c) Chamber sensitivity tended to decrease with air velocity. This 
result is in line with the tendency of air movement to disrupt the air 
insulation of the inside surfaces of the chamber. Based on the results 
in Table 3, the sensitivities of the chamber at air movement levels of 
380 and 800 fpm were considered identical. The equations for the chamber 
sensitivity at 55° and 73°F are shown in Summary 2 of Table 3. The 
equations were based on the mean indices for of 100, 200 and 300 watts. 
The proportionality of heat loss to heat production in the chamber should 
explain the apparent linearity of the equations developed for the chamber 
sensitivity due to known heat inputs. 
d) The loss of chamber sensitivity at 91°F appeared to be indepen­
dent of Q^. The decrease in chamber sensitivity could be attributed to 
a slight increase in the thermal conductivity of the chamber elements 
plus a more significant effect of air leakage in the chamber. The 
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increased relative ratios of the indices simply means that the sensi­
tivity of the chamber was no longer due to fan heat alone. Nevertheless, 
the equations for chamber sensitivity of 55° and 73°F could be used for 
estimates of at 91°F by simply adding 0.30°F to the measured indices. 
e) The standard errors of Qf and mean indices indicate a good 
reliability in thermal response of the chamber. There was therefore 
a basis and a confidence in the use of this experimental set-up to measure 
the change in sensible heat in the chamber due to the animal. The equa­
tions for chamber sensitivity would be useful if the rate of sensible 
heat from the animal could be shown to be approximately constant in the 
same region of time was observed. 
Indices of Sensible and Latent Heat Rates 
in the Chamber Due to the Animal 
In general, the rates of increase in air temperature due to fan and 
animal were statistically linear (with at least 95 percent confidence) 
in the time interval (T5-T2)x+f was observed; in this case x denotes the 
sensible heat effect due to thé animal, A few cases (marked with 
asterisks in Tables 10 to 16 of APPENDIX B) showed rates that tend to 
decrease with time, but all these cases was better de­
scribed by the product of the slope of the statistically fitted line and 
the time of observation. The algebraic form of Equation 13 was therefore 
considered to apply and the indices for the sensible heat rates in the 
chamber due to animal were computed using Equation 10. The mean indices 
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are shown in Table 4. 
There was an indication that the rate of sensible heat loss from the 
animal was not seriously affected by air temperature rise when the 
chamber was closed because linearity of air temperature rise was common 
in animals exposed to the least masking effect of wet surfaces and the 
heat produced by the fan - i.e., at relatively dry conditions of the 
chamber and air velocity levels of 140 fpm where the apparent sensible 
heat losses from the animal were 2 to 5 times larger than the magnitude 
of the fan heat. 
The slope of the fitted lines between H2 and was 2 to 3 times 
lower than an assumed linear trend between and H2. The indication 
was that the rate of change in humidity from to was decreasing. 
In view of Equation 9, the trend in air humidity rise could be explained 
by a rising Hg and a constant R. A rising would decrease the capac­
ity of the air to pick up moisture from the pig. Visual observation 
of the pig's rate of respiration indicated that a constant R could be 
assumed. To determine therefore the magnitude of the animal latent heat 
loss at the condition of the air near the closing of the chamber, the 
initial rate (dH/dt)^ was considered on the basis of and H2» The 
rate (dH/dt)^ was calculated as follows: 
(dH/dt)^ = (H2-Hi)/(dt) 16 
where dt denotes the time interval from closing of the chamber to 
reading of H2° 
In Table 5, the validity of Equation 16 was checked by comparing 
some of the resulting with the data of Bond et. fl.- (3)- Qq was 
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Table 4. Mean indices of sensible and latent heat rates in the 
chamber due to animal 
Pig Air No. (TE-TZ)* 
± S.DT 
°F 
Probable (dH/dt)^ 
W 
lbs 
V 
fpm 
of 
Tests 
% decrease 
in Qgg at Tg 
in 
% 
At room temperature of 55°F 
54 140 8 1.70+0.23 4.4 292+122 12-36 
54 380 10 1.76+0.39 6.2 322+124 14-38 
53 800 9 1.64+0.28 8.8 321+170 9-27 
104 140 8 1.89+0.16 4.8 338+104 11-33 
104 380 8 2.07+0.20 7.0 387+160 15-50 
103 800 8 1.95+0.38 9.5 368+135 12-42 
154 140 8 2.47+0.44 5.9 382+127 1-44 
154 380 9 2.45+0.36 8.9 426+117 16-38 
153 800 9 2.41+0.40 11.3 490+132 13-31 
At room temperature of 73°F 
54 140 12 0.89+0.14 5.5 281+132 17-26 
54 380 12 0.98+0.25 7.4 298+141 14-24 
54 800 12 0.93+0.21 11.8 254+ 82 12-24 
103 140 11 1.50+0.22 6.3 269+ 36 10-38 
103 380 11 1.57+0.27 9.4 235+ 47 11-35 
103 800 11 1.57+0.25 14.0 245+ 77 9-40 
153 140 9 1.89+0.22 7.7 267+ 57 17-52 
153 380 9 2.03+0.29 11.1 270+ 58 13-53 
153 800 9 2.01+0.18 15.1 290+ 76 13-53 
At room temperature of 91°F 
104 140 4 0.99+0.07 9.0 629+185 34-40 
104 380 6 1.06+0.22 16.2 653+306 32-36 
104 800 6 0.96+0.17 25.5 967+ 94 28-34 
*S.D. = standard deviation. 
in terms of water vapor per lb of dry air per minute. 
*** 
RH = relative humidity. 
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Table 5. Mean values of sensible and latent heat rates in the 
chamber due to animal 
Pig Air Air Sensible heat Latent heat Total 1 
W T V Btu per hr * Btu per hr Btu p< 
lbs °F fpm Qs > 'o S.E. % S.E. Q< 
54 55 140 446 5 124 15 570 
380 500 7 136 12 636 
800 466 4 136 17 602 
73 140 233 6 120 16 353 
380 278 9 127 16 405 
800 264 8 108 11 372 
104 55 140 496 3 143 10 639 
380 590 3 164 14 754 
800 555 7 156 12 711 
73 140 394 4 115 4 509 
380 446 5 101 6 547 
800 446 5 105 9 551 
91 140 338 2 271 9 609 
380 386 6 281 14 667 
800 358 5 413 3 771 
153 55 140 649 6 162 11 811 
380 695 5 181 9 876 
800 682 5 208 9 890 
73 140 496 6 125 10 621 
380 577 6 126 9 703 
800 570 4 136 10 706 
Some checks on reasonableness of by comparing the 
sum of Qg and with Qq of Bond e^ al. (3); 
153 55 140 649 162 811 
150 50 150 292 Bond 526 818 
104 73 140 394 115 509 
136 70 150 277 Bond 274 551 
*S.E. = standard error of the mean. 
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determined as the sum of the sensible and latent heat rates in the 
chamber. These components of total heat loss Qq would vary with 
different conditions of wet surfaces in the surroundings of the 
animal. In this study, the sensible component was expected to be 
higher than Bond's data because evaporation of water from wet surfaces 
in expense of sensible heat was minimized by cleaning and drying the 
flooring of the chamber before the test and conditioning the animal to 
urinate before the test. In the case of Bond's experiments, the sensi­
ble heat transferred to the air environment was reduced to a great 
degree by evaporation of water due to the wet nature of feed, prev­
alence of urine and residual water from daily cleaning of the animal 
chamber. 
For estimates of Qq , the sensible and latent heat rates in the chamber 
were calculated as follows; 
Sensible heat rate: Qg = (Tg-T2)x/S Btu per hr 17 
Latent heat rate: = ma(dH/dt)^ hg Btu per hr 18 
where S is the chamber sensitivity (in Table 3); m^ the mass of air in 
the chamber; and, hg the heat content of water vapor at T^. The standard 
errors of Qg and Q^ were sufficiently small - averaging 23 and 15 Btu 
per hr respectively and on this basis their values were considered 
representative of an average pig of a given weight. There was con­
fidence in Qg because the index was calibrated with known heat sources. 
Taking the sum of Qg and Q^, Q^ appeared reasonable because the sum 
shows consistency with Qq of Bond e^ al. (3) under comparable conditions 
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shown in Table 5. Since was determined near the factors that 
distorted the sensible heat loss from the pig were examined under the 
following subheadings to show that distortion of the initial sensible 
heat rate could be considered negligible. 
Effect of air velocity in changing the latent heat rate in the chamber 
The mean values of at 73°F indicate that air velocity had no 
pronounced effect on animal latent heat loss but tended to in­
crease with air movement in the presence of wet surfaces - as mostly 
encountered in tests made at 55° and 91°F. At 55°F, there were more wet 
surfaces to evaporate than those at 73°F, and the difference in was 
unlikely caused by an increase in at the lover temperature. At 91°F, 
the 104-lb pigs were in a continuous state of panting and salivation so 
that at this air temperature was justifiably higher; the condition of 
the animal indicated that the cooling power of the air stream was not 
sufficient to relieve the pig of heat stress. 
Effect of air temperature and humidity rise in changing the sensible 
heat rate in the chamber 
As indicated by Equation 3, would decrease as a result of an in­
crease in air temperature in the chamber or if the animal does not 
effect any form of reaction in terms of changes in K^. For constant 
Ki and T^ of 104°F, the percent decrease in Qgg at Tg (shown in 5th 
column of Table 4) was computed with respect to Qgg at t2- As Qg^ 
can be assumed small compared to Qgg under the conditions of the 
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testing, use of the average value, Q^, between t2 and tg as a predictor 
of the initial Qgg would, result in a maximum error, of one half the de­
crease in Qgg at t^. These errors were small with air velocities of 
140, 380 and 800 fpm. The calculation of percent decreases in Qgg would 
be higher only by one percent or less had Ty of 101°F been the basis 
of animal body temperature at air temperatures of 55° and 73°F. On the 
other hand, a Ty of 104°F was considered representative of the condition 
of the animal at 91°F. The increase in air humidity after closing the 
chamber had presumably the effect of increasing Qgf An increase in Qgj. 
could negate partially or totally a decrease in Qgg-
Estimated Sensible and Latent Heat Losses from the Growing Pig 
Based on the preceding discussion, Qg was considered representative 
of the initial sensible heat rate due to animal - but not necessarily a 
measure of the animal sensible heat loss Qg because Qg and Q^ appeared 
to have been equally altered by the presence of wet surfaces in the 
chamber. Nevertheless, the appearance of Q^ in Table 5 seems to indicate 
that Q^ could have been the same at 55° and 73°F had dry conditions of 
the chamber been maintained. For estimate of Qg, the latent heat loss 
Q^jj under dry conditions of the chamber was assumed constant at 55° and 
73°F and its magnitude was based on the least value of Q^ for pigs of 
the same weight. Values in excess of Q^^ were considered portions of 
Qg lost to evaporation of wet surfaces. Based on Equation 10, the re­
lationship between Qg and Qg is indicated in Equation 19: 
Qs = ((Qs-Qse) + (Qf-Qfe)) - Qf 19 
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where Qgg and Qjg, i.e., portions of animal and fan sensible heat lost 
in evaporation of wet surfaces, were defined as; 
Qse + Qfe = Qw " Qwd 20 
therefore, 
Qs = Qs + (Qse + Qfe) = Qs + (Q; - Qwd^ • 21 
The estimates of Qg at 55° and 73°F are shown in Table 6. The heat loss 
at 91°F for the 104-lb pig includes the influence of increased respira­
tion and salivation. The condition of the pig at 91°F indicates a small 
degree of change in Qss-
The results in Table 6 indicate that the effect of air velocity in 
changing was maximum for all pigs exposed to air movement rates of 
380 and 800 fpm. In view of the effect of air movement in disrupting 
the skin-air insulation of the animal, the upper range of was estimated 
to be at about 450 fpm based on the change in the 380 fpm air velocity 
when the 54-lb pig occupied the cage. The effect of the 140 fpm air 
velocity, however, would correspond respectively to 165, 180 and 195 fpm 
for 54, 104 and 153-lb pig when the air stream cross-section is large 
compared to animal size; the sensible heat losses at these air movement 
levels would be 87^5 percent of the heat loss at V^. 
For purposes of design, where the pig's size is negligible compared 
to the air stream cross-section, the sensible heat losses from pigs 50 
to 150 lbs exposed to air velocities of 180 fpm at air temperatures 
of 55° and 73°F could be readily stated to be within 87 percent of those 
at 450 fpm. With the sensible heat loss at 450 fpm and over (up to 1100 
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Table 6. Sensible and latent heat losses of individual pigs under 
dry conditions in the chamber; Btu per hr 
Pig Air Air Sensible Latent Qs 
w T V Heat loss Heat loss 
lbs OF fpm (Qs) (Qwd) Qg at 380 fpm 
54 55 140 462 108 0.88 
380 528 108 1.00 
800 494 108 0.94 
73 140 245 108 0.86 
380 297 108 1.00 
800 264 108 0.89 
104 55 140 538 101 0.82 
380 653 101 1.00 
800 610 101 0.93 
73 140 408 101 0.92 
380 446 101 1.00 
800 450 101 1.01 
91* 140 338 271 0.88 
380 386 281 1.00 
800 358 413 0.93 
153 55 140 686 125 0.91 
380 751 125 1.00 
800 765 125 1.02 
73 140 496 125 0.86 
380 578 125 1.00 
800 581 125 1.00 
* 
Effect of salivation and increased respiration included. 
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fpm) already known, such a statement of the heat loss at 180 fpm would 
indicate a great degree of design flexibility in the choice of air move­
ment rates. For a nearly complete picture of the wind heat loss at 
55° and 73°F the findings of Mount and Ingram (17) indicate a basis for 
linearly interpolating the heat losses of air velocities between 20 and 
266 fpm. 
Based on the literature data on still-air heat losses of pigs at 
73°F (1), the results in Table 7 indicate the degree of change in the 
sensible heat loss of the growing pig when exposed to air movement rates 
that tend to reduce its skin-air insulation to a minimum. Based on 
Brody's formula of animal surface area (5), the smaller pig (50 lb) 
appears to lose more heat per square foot at 55°F while all of them, at 
73°F, dissipate about the same amount. On the basis of Equation 7, these 
results could be explained by constant h^ and h^, although the results 
at 73°F would indicate the same Tg for the three pigs. 
At air temperatures of 55 and 73°F, a picture of the increase in 
sensible heat loss of individual pigs with air velocity is shown in 
Figure 7. It appears from this figure that an air velocity of about 
330 fpm is sufficient to reduce the skin-air insulation of the animals 
to a minimum and maximize the surface sensible heat loss Qgg. The 
apparent constancy of Qgg at air velocities from 330 to 1100 fpm could 
be explained by negligible effect of further air velocity increases in 
changing the value of h^. In this case. Equation 3 indicates that is 
constant and dependent on changes in h^. 
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Table 7. Estimated change in sensible heat loss of the growing pig 
due to air movement rates that would reduce its skin-air 
insulation to a minimum 
Pig Air Air Estimated Heat Losses Ratio of sensible heat 
W TV Btu per hr loss to still-air value 
lbs °F fpm Sensible Latent Total at 73°F 
54 55 Vx* 528 108 636 2.18 
73 Vjj. 297 108 405 1.23 
Vqk* 242 108 350 
104 55 Vx 653 101 754 1.99 
73 Vx 446 101 547 1.36 
Vq 329 101 430 
91 Vx 396 271 667 1.20*** 
153 55 Vx 751 125 876 1.96 
73 Vx 578 125 703 1.50 
Vq 385 125 510 
* 
Upper levels of Vx = 450 fpm and over. 
** 
Vq = still-air condition; values derived from reference (1). 
*** 
Heat losses at 91°F include influence of increased 
respiration and salivation. 
Figure 7. Estimated percent increases in still-air and 73° F sensible heat losses of 
54-, 104-,and 153-lb pigs when exposed to air temperatures of 55° and 73° F 
with air movement.b 
a 
Probable least value of an air velocity that would reduce the skin-air to a 
minimum and maximize the sensible heat loss from the total body surface of the pig. 
Under conditions where the pig's size is negligible compared to the air stream cross-
section. 
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Figure 8 was developed with interest in the range of air temperatures 
where air movement rates of 330 to 1100 fpm would benefit the performance 
of the growing pig. The conjectured change in Qgg was based on the 
following assumptions: 
a) Qsr at 55° and 73°F is negligible compared to Qgs* Therefore, 
the degree of change in Qgg is practically the degree of change in the 
estimated Qg. 
b) Maximum Ty of 104°F. Based on Equation 3, Qgg is zero at 
Ta of IO40F. 
Based on the conjectured change in Qgg, the 54, 104 and 153 lb pigs 
would need an air temperature of about 78, 83 and 88°F respectively 
so that their heat losses, when exposed to air movement rates of at 
least 330 fpm, could be equivalent to the still-air values at 73°F. The 
figure would also explain why the 104 lb pigs were in the state of con­
tinuous panting and salivation inspite of air movement at 91°F - i.e., 
the animals had to account for a 40 percent decrease in Qgg. 
It appears therefore that the benefits of high levels of air movement 
are limited to a narrow range of air temperature. If the points at 55° 
and 73°F are correct, the prediction of the range based on Figure 9 would 
not be in serious error because the conjectured zero Q^^ could shift 
between 100 and 110°F with only a slight effect on the curves betweeen 
73° and 91°F. 
Figure 8. Conjectured change in still-air and 73°F sensible heat loss from the total 
surface of 104-lb pig when exposed to air temperatures ranging from 55° 
to 104°F with air velocities of 330 to 1100 fpm.® 
®Under conditions where the pig's size is negligible compared to the air stream 
cross-section. 
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SUMMRY 
1. The level of air movement that would cause the maximum 
sensible heat loss of the growing pig was explored by selected experi­
mentation. It was predicted in this study that air movement rates 
over 140 fpm would reduce the skin-air insulation of the animal to a 
minimum and therefore maximize the sensible heat loss from the body 
surface. Air velocities of 380 and 800 fpm, including 140 fpm, were 
investigated to verify and narrow down the prediction. 
2. Pigs were reared at room temperatures of about 73°F. At test 
weights of 50, 100 and 150 lbs, the animals were individually exposed 
in a test chamber to one hour rates of an air stream along the body 
length and coming from the rear. Each pig was exposed to air velocities 
of about 140, 380 and 800 fpm, the air velocity levels were the average 
air movement rates measured in the space to be occupied by the animal. 
Three groups of pigs were respectively raised for air velocity treat­
ments at air temperature levels of 55, 73 and 91°F in the chamber. 
Only the 100 lb pigs were observed at 91°F. 
3. The sensible and latent heat losses from the animal were inferred 
from the measured sensible and latent heat rates in the chamber. The 
index of sensible heat rate was based on the rise in air temperature 
over a 20 minute period and commencing 2 minutes after closing the 
chamber; this index was calibrated with a known heat source. Distortion 
of the initial sensible heat rate was considered negligible. The latent 
heat rate was determined from the first 5 minutes of air humidity rise. 
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4. The results of the study indicate that; a) air movement had no 
pronounced effect on the latent heat loss of the animal at air temper­
atures of 55° and 73°F; b) chamber latent heat would tend to increase 
with air movement in the presence of wet surfaces; c) at 55° and 73°F, 
differences between the 380 fpm and 800 fpm sensible heat losses were 
negligible; d) at 55° and 73°F the 140 fpm sensible heat losses of the 
50 to 150 lb pigs were 87^5 percent of the 380 fpm losses; e) at 55° 
and 73°F, the 380 fpm sensible heat loss from the 100 lb pig closely 
approximates the average of the losses from the 50 and 150 lb pigs; 
and f) at 91°F, air movement did not relieve the 100 lb pig of heat 
stress. 
5. In the open where the pig's size is small compared to the air 
stream cross-section, the results of the experiment at 140 and 380 fpm 
are considered representative of room air velocities of 180 and 450 fpm 
respectively, 
6. Based on literature data for still-air heat losses at 73°F, the 
sensible heat loss of the 50, 100 and 150 lb pigs exposed openly to 
air movement rates of 450 fpm would increase; a) for the same air 
temperature of 73°F, by 23, 36 and 50 percent respectively, and b) at 
55°F, by about 100 percent. 
7. Under the conditions where the pig's size is negliglible compared 
to the air stream cross-section, air movement rates of 330 to 1100 fpm 
could be expected to reduce the skin-air insulation of the pigs to a 
minimum. At these levels of air velocity, the effective convective 
heat transfer coefficient of the pigs could be stated to be constant 
58b 
and at its maximum value. This value of air velocity agrees quite well 
with the velocity required for fully turbulent flow and removal of 
insulating air films from rough inanimate surfaces. 
8. If the heat loss at 73°F under still-air conditions is considered 
to represent the required transfer for optimum growth, increasing air 
movement could provide for optimum growth up to 88°F. Above 88°F, 
increasing air velocity declines in effectiveness; thus heat stress will 
not be entirely relieved. As the temperature declines below 78°F, in­
creasing air motion causes excessive heat transfer. Poorer animal 
performance and chilling may result. 
9. The significance of the study could be summarized as follows: 
a) Recycling of a fixed mass of air could be used to determine 
the effect of air velocity in changing the heat loss of pigs. An 
investigator could utilize this method and have good agreement not only 
with calibration but also with published values of animal heat loss. 
b) An air velocity of 330 fpm is sufficient to reduce the 
skin-air insulation of the animals to a minimum and maximize the sensible 
heat loss from their body surfaces. This correlates well with the 
Reynolds number at which the surface film is destroyed on rough surfaced 
inanimate objects. 
59 
REFERENCES CITED 
1. American Society of Agricultural Engineers. Committee on Animal 
Shelter Ventilation. Design of ventilation systems for poultry and 
livestock shelters. St. Joseph, Michigan, Authors. 1966. 
2. Beckett, F. E. and Vidrine, C. A mathematical model of heat trans­
fer in a pig. American Society of Agricultural Engineers Transac­
tions 13: 450-454. 1970. 
3. Bond, T. E., Heitman, H., and Kelly, C. F. Effects of increased 
air velocities on heat and moisture loss and growth of swine.._ 
American Society of Agricultural Engineers Transactions 8: 167-169. 
1965. 
4. Bond, T. E., Kelly, C. F., and Heitman, H. Hog house air condition­
ing and ventilation data. American Society of Agricultural Engineers 
Transactions 2: 1-4. 1959. 
5. Brody, Samuel. Bioenergetics and growth: with special reference to 
the efficiency complex in domestic animals. New York, N.Y., 
Reinhold. 1945. 
6. Burton, A. C. and Edholm, 0. G. Man in a cold environment. Balti­
more, Md., Williams and Wilkins. 1955. 
7. Butchbaker, A. F. and Shanklin, M. D. Partitional heat loss of new­
born pigs as affected by air temperature, absolute humidity, age and 
body weight. American Society of Agricultural Engineers Transac­
tions 7; 382. 1964. 
8. Gunnarson, H. J., Butchbaker, A. F., Witz, R. L., and Dinusson, W. E. 
Effect of air velocity, air temperature and mean radiant temperature 
on performance of growing-finishing swine. American Society of 
Agricultural Engineers Transactions 10: 715-717. 1967. 
9. Hardy, J. D. Heat transfer. In Newburgh, L. H., ed. Physiology 
of heat regulation and science of clothing.. Pp. 78-108. Philadelphia, 
Pa., Saunders. 1949. 
10. Hazen, T. E., Curry, N. H., and Giese, H. Swine growth and efficiency 
in a naturally varying environment. Agricultural Engineering 40: 
210-213. 1959. 
11. Hazen, T. E. and Mangold, D. W. Functional and basic requirements of 
swine housing. Agricultural Engineering 41: 585-590. 1960. 
60 
12. Henderson, S. M. and Perry, D. L. Agricultural process engineer­
ing. 2nd ed. Davis, California, University of California (Davis). 
1966. 
13. Merkel, J. A. Zone cooling for lactating sow. Unpublished M.S. 
thesis. Ames, Iowa, Library, Iowa State University of Science and 
Technology. 1965. 
14. Morrison, S. R., Bond, T. E., and Heitman, H. Skin and lung 
moisture loss from swine. American Society of Agricultural Engi­
neers Transactions 10; 691-692. 1967. 
15. Mount, L. E. The climatic physiology of the pig. Baltimore, Md., 
Williams and Wilkins. 1968. 
16. Mount, L. E. The effect of wind speed on heat production in the 
new-born pig. Quarterly Journal of Experimental Physiology 51; 18-26. 
1966. 
17. Mount, L. E. and Ingram, D. L. The effects of ambient temperature 
and air movement on localized sensible heat loss from the pig. 
Research in Veterinary Science 6: 84-91. 1965. 
18. Muehling, A. J. and Jensen, A. H. Environmental studies with early-
weaned pigs. Illinois Agricultural Experiment Station Bulletin 670. 
1961. 
19. Snedecor, G. W. Statistical methods. 5th ed. Ames, Iowa, Iowa 
State University Press. 1956. 
20. Stoecker, W. F. Refrigeration and air conditioning. New York, N.Y., 
McGraw-Hill. 1958. 
21. Tregear, R. T. Hair density, wind speed and heat loss from mammals. 
Journal of Applied Physiology 20; 796-801. 1965. 
22. Welty, J. R., Wicks, C. E., and Wilson, R. E. Fundamentals of 
momentum, heat and mass transfer. New York, N.Y., John Wiley and 
Sons. 1969. 
23. Winslow, C. A., Gagge, A. P., and Herrington, L. F. The influence 
of air movement upon heat losses for the clothed human body. 
American Journal of Physiology 127: 505-518. 1939. 
61 
ACKNOWLEDGMENTS 
The author wishes to acknowledge and express appreciation for the 
guidance and understanding of the members of his graduate study committee 
composed of Dr. Thamon Hazen, Dr. J. R. Miner, Dr. Glenn Murphy, Dr. L. 
N. Hazel and Dr. V. C. Speer. 
This thesis was prepared under the direction of Dr. Thamon Hazen 
whose continued encouragement and sound counsel are sincerely appreciated. 
Appreciation is also extended to Dr. D. Cox for statistical 
assistance and to Mr. Rex Myers and associates on the Swine Nutrition 
Farm staff for assistance in the experimental work. 
This work was made possible through the sponsorship of the University 
of the Philippines and the financial assistance of the Rockefeller 
Foundation. 
And to his beloved wife - he will always remember the warmth of her 
company during some lonely and cold nights at the Swine Atmosphere 
Research Laboratory. 
62 
APPENDIX A. AIR TEMPERATURE RISE IN THE CHAMBER DUE TO FAN HEAT 
PLUS KNOWN HEAT SOURCE 
63a 
Table 8a. Air temperature rise in the chamber due to fan heat plus 
known heat source at room temperature levels of 55° and 
73°F and air velocity of 140 fpm 
Added heat Initial air Sensible heat Trend in 
Qx Temperature Rate index dT/dt from 
Watts Tp°F (T6-T2)x+f t2 to tg 
0 54.04 0.46 constant 
0 73.58 0.50 constant 
0 73.13 0.50 constant 
0 73.33 0.42 constant 
100 55.13 1.79 constant 
100 54.17 1.71 constant 
100 55.00 1.79 constant 
100 72.71 1.79 constant 
100 73.88 1.71 constant 
100 72.63 1.75 constant 
200 55.13 2.96 constant 
200 54.63 3.17 constant 
200 55.13 3.25 constant 
200 54.96 3.04 constant 
200 72.08 2.96 constant 
200 73.79 3.00 constant 
200 73.13 3.04 constant 
300 72.88 4.29 constant 
300 73.00 4.50 constant 
300 72.71 4.46 constant 
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Table 8b. Air temperature rise in the chamber due to fan heat plus 
known heat source at room temperature levels of 55° and 
73°F and air velocity of 380 fpm 
Added heat Initial air Sensible heat Trend in 
Qx Temperature Rate index dT/dt from 
Watts Ti,°F (T6-T2)x+f ^2 to tg 
0 54.50 1.12 constant 
0 55.08 1.46 constant 
0 72.79 1.42 constant 
0 72.96 1.33 constant 
0 72.70 1.46 constant 
100 54.75 2.50 constant 
100 55.63 2.58 constant 
100 73.29 2.50 constant 
100 73.04 2.58 constant 
100 73.38 2.62 constant 
200 54.58 3.75 constant 
200 55.08 3.62 constant 
200 55.21 3.75 constant 
200 54.67 3.75 constant 
200 72.88 3.71 constant 
200 72.92 3.83 constant 
200 71.75 3.83 constant 
300 55.08 4.92 constant 
300 73.21 5.04 constant 
300 73.21 5.00 constant 
300 72.75 5.04 constant 
64a 
Table 8c. Air temperature rise in the chamber due to fan heat plus 
known heat source at room temperature levels of 55° and 
73° F and air velocity of 800 fpm 
Added heat 
Qx 
watts 
Initial air 
temperature 
T^, °F 
Sensible heat 
rate index 
<^ 6 - T2)x+f 
Trend in 
dT/dt from 
t2 to tg 
0 54.63 2.71 constant 
0 54.75 2.79 constant 
0 72.88 2.58 constant 
0 72.79 2.62 constant 
0 72.63 2.83 constant 
100 55.15 3.96 constant 
100 53.79 4.00 constant 
100 55.38 3.88 constant 
100 72.50 3.83 constant 
100 72.75 3.88 constant 
200 54.75 4.88 constant 
200 55.25 5.04 constant 
200 55.33 5.08 constant 
200 55.17 4.92 constant 
200 73.33 4.88 constant 
200 73.04 5.08 constant 
200 73.33 5.04 constant 
200 72.88 5,29 constant 
300 54.58 6.33 constant 
300 55.13 6.33 constant 
300 72.33 6.38 constant 
300 72.75 6.38 constant 
300 72.75 6.25 constant 
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Table 9. Air temperature rise in the chamber due to fan heat plus 
known heat source at room temperature level of 91° F 
Added heat Initial air Sensible heat Trend in 
temperature rate index dT/dt from 
watts Ti, °F (Tg - T,)^,. tg to tg 
Air velocity = 140 fpm 
0 91.35 0.13 constant 
0 91.33 0.16 constant 
0 91.12 0.29 constant 
100 90.42 1.17 constant 
Air velocity = 380 fpm 
0 91.29 1.13 constant 
0 91.71 1.00 constant 
0 91.12 1.08 constant 
100 90.79 1.96 constant 
Air velocity = 800 fpm 
0 91.25 2.46 constant 
0 90.83 2.29 constant 
0 91.54 2.33 constant 
100 91.54 3.29 constant 
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APPENDIX B. INDICES OF SENSIBLE AND LATENT HEAT RATES IN THE CHAMBER 
DUE TO ANIMAL 
Notations in Tables 10 to 16: 
PIG: 1st, 2nd, and 3rd number = group, pen and pig number. 
SEX: 1 - male; 2 - female. 
W: pig weight, lbs. 
T^: initial air temperature, °F; a measure of room temperature. 
H]^: initial air humidity, lb vapor per lb dry air x 10"^; a 
measure of prevailing room air humidity. 
^^6"^2^x* index of sensible heat rate, °F. 
(dH/dt)^: index of latent heat rate, lb vapor per lb dry air per 
minute x 10"^. 
U: relative degree of wet surfaces due to urine. 
F; relative degree of fecal deposition. 
M: relative degree of animal movement. 
C: visual characteristic of pig: 0 = normal; 1 = shivering; 
2 = continuous state of panting and salivation. 
e: excluded from computation of group mean because the pig 
represents an excited or disturbed animal. 
* 
: heat rates from t2 to tg tended to decrease with time. 
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Indices of sensible and latent heat rates in the chamber due 
to 50-lb pigs at room temperature level of 55° F 
W Ti Hi (dH/dt); U F M C 
Air velocity = 140 fpm 
52 54.75 1320 1.48 163 0 1 0 1 
53 54.33 1357 1.73 190* 0 10 1 
54 54.96 2672 2.02 393* 0 111 
56 54.33 1080 1.98 494 1 2 2 1 
53 55.21 1736 1.81 252 2 1 2 1 
52 54.68 1468 1.40 323 2 1 0 0 
53 56.38 3450 1.52 155 0 1 1 1 
54 54.63 1394 1.72 368 2 1 1 1 
Air velocity = 380 fpm 
52 55.29 1394 1.43 206 110 
54 55.42 1782 2.10 486 Oil 
55 55.00 1468 2.56 308 12 1 
56 54.71 1320 1.97 339 0 12 
53 54.88 1394 1.39 398 10 1 
54 55.63 3162 1.35 164 0 0 0 
52 55.13 1616 1.81 262* 0 10 
53 55.33 3378 1.68 153* 0 10 
55 54.75 1736 1.39 461* 0 10 
5 3  5 4 . 6 3  3 3 0 6  1 . 9 3  4 4 3  1 1 0  
Air velocity = 800 fpm 
51 55.79 1140 1.29 247 Oil 
5 4  5 5 . 2 9  1 7 8 2  2 . 0 0  1 7 3  1 1 0  
54 54.67 2498 1.71 233 0 2 0 
56 54.79 1394 2.00 698 2 10 
53 55.79 2730 1.33 185 0 0 0 
52 54.92 1290 1.50 375 110 
53 55.17 2266 1.50 187 0 10 
55 55.63 839 1.50 346 110 
52 55.29 1828 1.91 442 0 10 
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Indices of sensible and latent heat rates in the chamber due 
to 100-lb pigs at room temperature level of 55° F 
w Tl «1 Oe-iz), (dH/dt)^ U F M G 
Air velocity = 140 fpm 
101 54.50 2672 2.10 354 0 0 0 0 
105 54.58 1505 1.85 360 1 0 0 0 
104 54.71 1394 1.60 278 1 1 0 0 
105 54.92 1020 1.90 216* 0 1 0 0 
104 54.67 1170 1.77 325 0 1 0 0 
105 54.58 1542 1.90 277 0 0 1 0 
105 54.83 1874 2.02 328* 0 1 0 0 
102 55.00 3162 2.02 567* 2 2 0 0 
Air velocity = 380 fpm 
103 55.08 2730 2.39 458* 0 1 0 1 
104 55.38 1874 2.14 283* 1 1 0 1 
105 55.38 3090 4.02e 287* 0 1 3 0 
103 55.00 2382 1.97* 343 0 1 1 0 
103 55.50 3948 1.72 333 1 1 0 0 
105 54.88 1394 1.81 218 0 1 0 0 
105 54.54 1782 2.10 761 2 1 1 0 
102 54.83 3018 2.14 457* 2 2 0 1 
102 54.33 4559 2.30 345* 0 1 0 0 
Air velocity = 800 fpm 
102 54.83 1542 2.29 199 0 0 0 1 
104 55.67 1736 1.58 627 0 1 0 0 
103 55.38 2730 1.62 400 1 1 0 0 
105 55.50 1200 2.54 319* 0 0 0 0 
103 55.38 3865 1.67 261 1 1 0 0 
105 55.17 1170 1.58 277 0 0 0 1 
103 55.00 2324 2.12 427 1 1 0 0 
101 54.83 1690 2.17 436* 0 1 0 1 
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Indices of sensible and latent heat rates in the chamber 
due to 150-lb pigs observed at room temperature level of 
55° F 
W (T6-T2)^ (dH/dt)^ U F M C 
Air velocity = 140 fpm 
152 55.21 3948 2.52 286 0 1 0 0 
155 54.96 1431 2.40 390 0 1 1 0 
153 54.54 1542 - 2.10^ 337 0 0 0 
153 53.96 115 2.69 665 0 1 0 0 
153 54.75 1020 2.10 308 0 1 0 0 
155 54.33 2208 2.19 276 0 0 0 
153 54.79 247 3.44 442 0 1 1 0 
155 55.08 1782 2.40 347 0 1 0 0 
Air velocity = 380 fpm 
153 55.50 2382 2.43 434 0 1 0 0 
155 55.29 1579 2.56 345 0 1 1 0 
152 55.46 2874 2.60 351 0 1 1 0 
155 54.67 1920 2.31 492 0 1 1 0 
151 55.63 3533 2.56 252 0 1 0 0 
155 54.50 1616 2.97 382 0 1 1 0 
155 54.92 1542 1.64 667 0 1 1 0 
153 55.63 1431 2.60 455* 0 1 0 0 
155 55.17 2730 2.35 458 0 1 1 0 
Air velocity = 800 fpm 
152 54.67 1468 2.35 663 0 1 0 0 
153 54.96 1782 2.17 287 0 1 0 0 
151 55.04 1736 2.58_ 444 0 1 0 0 
155 54.96 1690 1.83 578 1 1 1 0 
151 55.21 2874 2.33 448 0 1 0 0 
153 55.21 2440 3.04 538 1 1 0 0 
153 54.67 1690 3.04 675 0 1 0 0 
155 55.33 1200 2.29 379 0 0 0 0 
155 55.33 1782 2.71 399* 0 0 0 0 
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68 
Indices of sensible and latent heat rates in the chamber due 
to 50-lb pigs observed at room temperature level of about 73 F 
w ?! Hi (T6-T2)X (dH/dt)i U F M c 
Air velocity = 140 fpm 
52 73.54 3306 0.94 185 1 1 1 0 
53 72.83 4197 0.77 605 0 1 1 0 
53 73.13 3306 0.85 168 0 0 0 0 
55 72.92 4197 0.90 192 0 0 1 0 
55 73.08 3018 0.69 379 0 1 1 0 
56 73.58 3162 0,98 215 0 1 0 0 
54 73.33 2802 0.94 327 0 0 0 0 
56 73.00 3018 1.02 177 0 0 0 0 
56 73.38 3948 0.73 263 1 0 0 0 
58 73.50 3782 1.19 162 0 0 0 0 
54 72.79 4466 0.90 295 1 0 2 0 
55 72.83 3948 0.85 403 2 1 1 0 
Air velocity = 380 fpm 
52 73.38 3616 1.10 274 0 1 2 0 
53 72.63 4197 0.89 578 2 0 1 0 
53 72.96 3616 0.81 216 2 1 0 0 
55 73.04 4114 0.76 209 0 0 1 0 
55 73.17 2946 1.31 260 1 0 0 1 
56 72.63 2498 1.14 159* 0 0 0 1 
54 72.96 2874 0.72 351 1 1 1 0 
56 73.00 2440 0.47* 577 2 0 1 0 
54 72.75 3782 1.10 162 0 0 0 0 
56 72.83 4031 1.10 226 0 1 0 0 
54 72.79 4114 1.02 298 1 1 2 0 
55 71.42 3865 1.31 261 0 0 0 0 
Air velocity = 800 fpm 
52 72.96 3616 0.46 402 0 1 1 0 
53 73.83 4280 1.00 287 0 0 1 0 
53 72.58 3450 1.04 328 0 1 0 1 
55 72.88 3865 1.08 145. 0 0 0 1 
55 72.71 3616 0.96 196 0 0 0 0 
56 72.83 2104 1.08 130 0 0 0 1 
54 73.08 2874 0.79 312 1 1 0 0 
56 72.75 2382 1.04 257 1 1 0 1 
56 73.17 3234 1.08 166 0 1 0 0 
56 72.54 3699 0.58 315 1 0 0 0 
54 73.00 3782 1.00 239* 0 1 1 0 
54 72.88 4031 1.04 269 1 1 1 1 
69 
Table 14. Indices of sensible and latent heat rates in the chamber due 
tô 100-lb pigs observed at room temperature level of 73° F 
PIG SEX W Tl Hi (T6-T2)% . (dH/dt). U F M c 
Air velocity = 140 fpm 
211 2 102 73.25 5322 1.44 236 0 0 0 0 
211 2 104 72.58 3090 1.85 267 0 0 1 0 
212 1 102 72.96 4745 1.14 283 0 0 1 0 
212 1 105 73.25 2945 1.39 226 0 0 0 0 
213 2 103 73.50 2498 1.48 287 0 0 0 0 
213 2 103 73.25 1782 1.27 281 0 0 0 0 
214 2 104 72.58 6455 1.69 307 0 1 1 0 
215 1 102 73.21 2058 1.85 307 0 0 0 0 
215 1 104 72.88 2498 1.56 317* 0 1 0 0 
216 1 102 72.25 6580 1.44 216 0 0 0 0 
216 1 104 72.83 3616 1.40 
Air velocity = 380 fpm 
211 2 102 73.04 5546 1.64 242 0 0 0 0 
211 2 103 72.92 1874 1.64 238 0 0 0 0 
212 1 102 73.21 5546 1.60 242* 0 0 0 0 
212 1 103 72.25 2440 1.85 245* 0 0 0 0 
213 2 101 73.67 2440 1.35 314 0 0 0 0 
213 2 103 73.50 2382 1.47 193 0 0 0 0 
214 2 104 73.04 6106 1.56 126 0 0 0 0 
215 1 102 72.29 1966 1.81 216 0 0 0 0 
215 1 104 72.88 2440 1.97 245 0 0 0 0 
216 1 102 73.2i 6106 1.06 263 0 0 0 0 
216 1 104 73.50 3162 1.26 235 0 1 0 0 
. Air velocity = 800 fpm 
211 2 102 73.75 5024 1.37 405* 0 0 1 0 
211 2 103 72.92 1579 1.33 191 0 0 0 0 
212 1 102 72.71 5549 1.62 242 0 0 0 0 
212 1 103 72.67 1828 1.62 188 0 0 0 0 
213 2 101 73.50 2556 1.46 238 0 0 0 0 
213 2 103 72.13 1736 1.50 195 0 0 0 0 
214 2 104 72.63 6970 1.87 144 0 0 0 0 
215 1 102 73.17 3018 1.91 321 0 1 0 0 
215 1 104 73.38 3378 1.87 188 0 0 0 0 
216 1 102 72.92 6580 1.29 317 0 0 0 0 
216 1 104 73.38 3378 1.37 265 0 0 0 0 
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Indices of sensible and latent heat rates in the chamber due 
to 150-lb pigs observed at room temperature level of 73° F 
w Tl Hi (Ts-Tg), : (dH/dt). U F M c 
Air velocity = 140 fpm 
154 73.25 3162 2.02 272 0 0 0 0 
151 73.75 7515 1.90 287 0 0 0 0 
153 73.29 6330 1.77 217 0 0 0 0 
152 73.21 2994 1.73 317 0 0 0 0 
155 73.50 8890 2.10 255* 0 0 0 0 
152 73.38 6580 2.06 382 0 0 0 0 
154 73.21 6580 1.98 195 0 0 0 0 
151 72.83 5658 2.10 246 0 0 0 0 
153 73.38 5994 1.44 230 0 0 0 0 
Air velocity = 380 fpm 
154 72.83 2266 1.64 350 0 0 0 0 
151 73.00 6218 2.18 300 0 0 0 0 
153 73.38 6455 1.76 191 0 0 0 0 
152 73.17 5658 2.02 300 0 0 0 0 
155 73.46 8730 1.64 250 0 0 0 0 
152 73.33 5882 2.43 341 0 0 0 0 
154 73.67 8415 2.18 206 0 0 0 0 
151 72.71 5546 2.10 270* 0 0 1 0 
153 73.63 9060 2.31 220 0 1 0 0 
Air velocity = 800 fpm 
154 73.75 2266 1.75 367 0 0 0 0 
151 73.58 5024 2.00 298 0 0 0 0 
153 73.00 7805 1.96 297 0 0 0 0 
152 73.46 4838 1.79 1061 1 1 1 0 
155 73.92 9060 1.91 220 0 0 0 0 
152 72.21 5210 2.04 210 0 0 0 0 
154 73.04 6840 2.33 230 0 0 0 0 
151 73.21 5546 2.04 324 0 0 0 0 
153 72.46 8890 2,21 375 0 0 0 0 
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Indices of sensible and latent heat rates in the chamber due 
to 100-lb pigs observed at room temperature level of 91° F 
w ?1 (T6-T2)X (dH/dt)^ U F M c 
Air velocity = 140 fpm 
101 90.58 12800 1.02 747 1 1 1 2 
102 90.50 11700 1.69e 863 1 0 2 2 
106 90.67 11080 1.69e 765* 2 0 2 2 
104 90.83 11285 0.93 461 0 0 0 2 
105 91.58 12130 0.99 501 1 0 0 2 
105 89,83 
Air 
12350 
velocity 
1.02 
= 380 
446 
fpm 
0 0 1 2 
101 90.63 11490 1.05 520 0 1 0 2 
102 90.58 11700 1.14 591 0 0 0 2 
106 90.13 10690 1.35 1245 0 0 0 2 
104 91.25 10690 0.97 585 0 0 0 2 
105 91.29 11285 0.89 461 0 0 0 2 
105 90.33 
Air 
10300 
velocity 
0.93 
= 800 
520 
fpm 
0 0 0 2 
101 90.46 10885 0.99* 1205 1 1 1 2 
102 90.79 10300 0.93 840 0 1 1 2 
106 91.00 9080 0.99 1025* 1 0 1 2 
104 91.46 10885 1.26 1485* 0 0 1 2 
105 91.08 11080 0.84 658* 
700 
1 1 0 2 
105 91.29 10885 0.76 0 0 0 2 
